Risk-adjusted odds ratios (aORs) were estimated using multivariable logistic regression. The primary outcome was the development of postoperative VTE (deep venous thrombosis [DVT] and pulmonary embolism [PE]) within 30 days of surgery that warranted therapeutic intervention; DVT and PE were also examined separately as secondary outcomes. Subgroup analyses were performed by surgical subtypes. Propensity score matching was performed for sensitivity analyses.
H ospital-associated venous thromboembolism (VTE) is a major cause of morbidity and mortality. 1 Venous thromboembolism contributes directly or indirectly to approximately 100 000 to 200 000 deaths annually, which represents 5% to 10% of all hospital deaths. 2 Furthermore, as many as 70% of hospital-acquired VTE cases are considered to be preventable. 3, 4 Surgery is well recognized as a proinflammatory state and a prothrombotic stimulus for development of VTE. [5] [6] [7] General anesthesia is an independent risk factor for postoperative thrombosis. 8 Perioperative red blood cell (RBC) transfusions may also potentiate this postoperative prothrombotic state. 5, 7 Red blood cells are commonly transfused in the perioperative course of patients undergoing surgery. Increasing molecular and clinical evidence supports the role of RBCs in physiological hemostasis and pathologic thrombosis. Recent evidence from studies in mice and an in vivo clot formation model suggests that transfused RBCs have a role in accelerating thrombus generation. 21, 22 Clinical studies have also suggested a role of RBC transfusions in thrombus development. In an analysis of various factors responsible for postoperative VTE, one of the reported independent factors was postoperative transfusion of more than 4 units of RBCs. 7 In a separate study of hospitalized patients with cancer, RBC and platelet transfusions were associated with an increased risk of venous and arterial thrombotic events. 14 In patients undergoing colorectal surgery for cancer resection, RBC transfusion has been associated with increased risk of VTE, but cancer can also be a predisposing factor for VTE. 23, 24 To date, no studies that we know of have primarily assessed the role of perioperative RBC transfusions in developing postoperative VTE among patients undergoing general surgery or surgery in various subspecialties. Using a large prospective, multicenter registry, this study examined the association between perioperative RBC transfusions and developing postoperative VTE.
Methods

Data Source
The American College of Surgeons National Surgical Quality Improvement Program (ACS-NSQIP) database is a multicenter prospective registry of patients undergoing surgery and includes participation from 525 institutions (teaching and nonteaching hospitals) across North America. The ACS-NSQIP is well recognized as the leading nationally validated outcomesbased program to measure and improve the quality of surgical care; the accuracy and reproducibility of the data have also been previously demonstrated. [25] [26] [27] The ACS-NSQIP data are collected in a standardized fashion by dedicated surgical clinical reviewers. Patients are followed up throughout their hospital course and after discharge from hospital to 30 postoperative days. Patients younger than 18 years, undergoing organ transplant, and with trauma are excluded from the ACS-NSQIP database. 28, 29 Participants in the present study included patients in the ACS-NSQIP registry who underwent a surgical procedure from January 1 through December 31, 2014. This study involved secondary analysis of a completely deidentified database and did not meet the definition of research with human subjects in accordance with the human research regulations (45 CFR part 46). Therefore, the Cornell institutional review board deemed the study be exempt from review by the institutional review board of Weill Cornell Medicine.
Outcomes and Risk Factors
The primary outcome was development of VTE up to 30 postoperative days. Cases were defined as new diagnoses of VTE (within 30 days of the surgical procedure) and were initially identified with diagnosis codes from the International Classification of Diseases, Ninth Revision, Clinical Modification, and verified by ACS-NSQIP data coordinators. Cases of VTE were confirmed by a definitive imaging modality (eg, duplex, venogram, computed tomographic scan, or other) or by direct pathologic examination on autopsy. Cases with known chronic deep venous thrombosis (DVT) were included only if they had documented postoperative progression (ie, chronic DVT events without documented postoperative progression were not included as a case). In addition, cases were required to have some therapeutic intervention with anticoagulation therapy and/or placement of a vena cava filter. Arterial clots were not documented as an outcome in the ACS-NSQIP database and thus could not be included in this analysis. In addition to a composite outcome of VTE, separate secondary outcomes were the occurrences of DVT and pulmonary embolism (PE) to 30 postoperative days. The primary independent variable of interest was the occurrence of any perioperative RBC transfusion (≥1 RBC transfusion event from 72 hours before to 72 hours after surgery). The type and timing of perioperative RBC transfusion was also examined as follows: (1) none, (2) preoperative only (≤72 hours before surgery), (3) intraoperative or postoperative (from the start of surgery until 72 hours after), and (4) preoperative and intraoperative or postoperative. Although the ACS-NSQIP database did not document the exact number of RBC units transfused during the entire perioperative period, the total number of RBC transfusion events that occurred intraoperatively or postoperatively was recorded. We created a categorical and/or ordinal variable for intraoperative or postoperative RBC transfusion events (0, 1, 2, or ≥3). Intraoperative cell salvage was accounted for in the ACS-NSQIP study design with total dose transfused per case, with every 500-mL cell salvage considered equivalent to 1 unit of RBCs.
Statistical Analysis
Data were analyzed from July 1, 2016, through March 15, 2018. Descriptive statistics were used to compare characteristics of the study population by perioperative RBC transfusion status. The primary analysis examined the association of any perioperative RBC transfusion with the development of postoperative VTE. The reference group consisted of patients who never received a perioperative RBC transfusion. Univariate logistic regression was used to estimate odds ratios (ORs) and 95% CIs of postoperative VTE by perioperative RBC transfusion status. Other clinically relevant explanatory variables that were hypothesized to be potential confounders were also assessed for unadjusted associations with VTE, including age, sex, race, body mass index, baseline functional health status before surgery, the American Society of Anesthesiology severity class as a surrogate marker for the severity of underlying illness, concurrence of sepsis, the presence of disseminated cancer, relative value units of the surgical procedure as a surrogate for complexity of the surgery, use of mechanical ventilation, and hospital length of stay. Because all hypothesized potential confounders were significantly associated with VTE in univariate analysis, all variables were simultaneously included in a multivariable model; all covariates were retained in the final (fully adjusted) multivariable model because they remained significantly associated with VTE (P < .05) (eTable 1 in the Supplement). Statistical interactions were not examined.
In secondary analyses, development of postoperative DVT and PE were examined as separate outcomes. The associations between the time and type of perioperative RBC transfusion and the postoperative risk of VTE, DVT, and PE were also examined. A separate but consistent fully adjusted multivariable model was used for each exposure-outcome association.
The ACS-NSQIP database assigns a primary surgical subspecialty to all procedures included in the database. Subgroup analyses examining the association of any perioperative RBC transfusion with VTE were performed by stratifying by various surgical subspecialties, including general, cardiothoracic, gynecologic, neurologic, orthopedic, otolaryngologic, plastic, thoracic, urologic, and vascular surgery and interventional radiology. For subgroup analysis, full adjustment was made in the multivariable models as for the primary multivariable model.
An ancillary dose-response analysis was also conducted in which we assessed the association between the number of intraoperative or postoperative RBC transfusion events and the development of postoperative VTE. Similar to the primary analyses, the multivariable logistic regression model included full adjustment for all potential confounders. For this analysis, the number of RBC transfusion events was first modeled as a categorical variable. However, the 4 ordinal categories were also modeled as a continuous variable to test for a linear trend (P value for trend).
The multivariable models in the main analysis used a complete-case approach such that patients with any missing covariate data were excluded. All P values were 2-tailed, and statistical significance was set at P < .05. Data analysis was performed using Stata/MP software (version 15.1; StataCorp, Inc).
Two sensitivity analyses were performed. First, we examined missing data patterns and reanalyzed the data after using multiple imputation with chained equations. In addition to all variables in the primary analysis, the imputation model included ethnicity as an auxiliary variable. Twenty imputations were performed. A second sensitivity analysis was performed using propensity score matching, which can adjust for some baseline group differences and is a well-accepted method to account for identified confounding variables.
30,31 Propensity scores of receiving any perioperative RBC transfusion (vs no RBC transfusion) were estimated by logistic regression using all covariates included in the primary analysis. For this analysis, binary indicators for missing data were included for each covariate when estimating the propensity scores. Patients who received any perioperative RBC transfusion were matched 1:1 (without replacement) on the logit of the propensity score using a nearest-neighbor matching approach and within a caliper equal to 0.2 of the SD of the logit of the propensity score.
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The balance of covariates between patients who received any perioperative RBC transfusion and matched control individuals was examined by calculating standardized percentage differences. In the propensity score-matched subsample, univariate conditional logistic regression models were used to estimate matched ORs of VTE. for the full model are detailed in eTable 1 in the Supplement.
Results
In separate multivariable models, any perioperative RBC transfusion remained significantly associated with developing postoperative DVT (aOR, 2.2; 95% CI, 2.1-2.4) and PE (aOR, 1.9; 95% CI, 1.7-2.1) ( Table 3) . Patients receiving only preoperative RBC transfusions, only intraoperative or postoperative RBC transfusions, and both preoperative and intraoperative or postoperative RBC transfusions all had significantly higher unadjusted odds of developing VTE compared with patients who did not receive RBC transfusions (Table 2 ). In multivariable analysis, patients receiving only preoperative RBC transfusions (aOR, 1.9; 95% CI, 1.5-2.3) and only intraoperative or postoperative RBC transfusions (aOR, 2.1; 95% CI, 1.9-2.2) had significantly higher adjusted odds of developing postoperative VTE compared with patients who did not receive RBC transfusions, and the association was stronger for patients who received preoperative and intraoperative or postoperative RBC transfusions (aOR, 3.0; 95% CI, 2.5-3.5) ( Table 3) . Each type of perioperative RBC transfusion was also significantly associated with developing postoperative DVT and PE in secondary analyses (Tables 2 and 3) .
In a separate dose-response analysis, the odds of postoperative VTE increased significantly with an increasing number of intraoperative or postoperative RBC transfusion events ( Figure) . Compared with patients who did not receive an intraoperative or postoperative RBC transfusion (n = 707 132), patients with 1 (n = 43 490) (aOR, 2.1; 95% CI, 2.0-2.3), In subgroup analyses stratified by various surgical subspecialties, significantly higher adjusted odds of developing VTE were found among patients receiving any perioperative RBC transfusions in various surgical subtypes, including general, neurologic, cardiothoracic, orthopedic, vascular, gynecologic, and urologic surgery ( Table 4) . Of note, interventional radiologic and otolaryngologic procedures were excluded from the subgroup analyses owing to an insufficient balance in sample sizes to allow the logistic regression model to converge.
Sensitivity Analyses
The results obtained using multiply imputed data mirrored estimates calculated in the primary (complete-case) multivariable analyses (eTable 2 in the Supplement). For instance, any perioperative RBC transfusion remained independently associated with VTE (aOR, 2.1; 95% CI, 2.0-2.3) after multiple imputation (n = 750 937).
In addition, using 1:1 propensity score matching, we generated a subsample of 47 142 patients who received any perioperative RBC transfusion and 47 142 matched controls who did not receive any RBC transfusions (eFigure in the Supplement). Patient characteristics of the original sample population and the matched subsample in this sensitivity analysis are shown in eTable 3 in the Supplement. The propensity score accounted for all the variables included in the multivariable model in the primary analysis, and these covariates were well balanced by perioperative RBC transfusion status in the matched subsample (eTable 3 in the Supplement). Receipt of any perioperative RBC transfusion was significantly associated with higher odds of VTE compared with patients who never received a transfusion (propensity-matched OR, 1.9; 95% CI, 1.8-2.1) (eTable 4 in the Supplement).
Discussion
This study examined the association of perioperative RBC transfusion with postoperative VTE. In this study of 750 937 patients undergoing surgical procedures, RBC transfusions were associated with an increased risk of VTE (including DVT and PE).
Increasing evidence suggests a role of RBCs in physiological hemostasis and pathologic thrombosis.
9,10 Thrombosis is primarily considered to result from the interplay of endothelial cells, platelets, and soluble coagulation factors. Red blood cells are generally regarded as passive bystanders that coincidentally become entrapped in a developing thrombus as they flow through the vasculature. However, the initial published clinical observation to hypothesize that RBCs might play an active role in hemostasis was reported in 1910. 33 The study noted that patients with thrombocytopenia showed an improvement in bleeding times after whole blood transfusion, although their platelet counts remained low. Although no direct evidence indicated that RBCs were the responsible component, the large increase in RBCs in the vasculature (despite no increase in platelet count) suggested that RBCs were the most likely candidate for improving the hemostatic parameters. Animal experiments and normal volunteer studies suggest that with as little as a 15% decrease in the hemoglobin level, a corresponding increase in bleeding time occurs. 34 This observation led some clinicians to advocate for higher hemoglobin transfusion thresholds in patients with severe thrombocytopenia who are at increased risk of bleeding. 35 This association has been reemphasized in recent studies. 36 Conversely, excessive bleeding has been shown to be treated by elevation of hematocrit without increasing platelet counts. 33,34,37 Abnormally high RBC counts and increased hematocrit (eg, in polycythemia vera) can also predispose a patient to thrombotic disease with hepatic, portal, cardiac, and cerebral thrombosis. 38,39 Through the potential effect on blood viscosity, RBC transfusions can alter the rheo- In addition, storage of RBCs has been shown to increase endothelial adherence, which may also predispose toward thrombotic events. Thus, multiple mechanistic pathways link native and transfused RBCs to pathologic thrombotic outcomes for which our study provides supportive evidence.
Limitations
The ACS-NSQIP registry is the leading prospective, nationally validated surgical outcomes-based program and uses a standardized data collection algorithm; however, this study has limitations. Posttransfusion hematocrit (a possible surrogate marker of RBC mass) was not available in the database. A composite validated index of severity of illness, such as the Case-Mix Index, was not available. However, the results remained robust after adjustment for American Society of Anesthesiology classification of physical health, which is a widely accepted grading system for assessing preoperative health of the patients undergoing surgery, and relative value units, a surrogate marker for complexity of the surgical procedure. Because of the study design, cases of known chronic DVT could not be analyzed separately. The ACS-NSQIP database does not provide individual hospital-level information. Therefore, we could not evaluate the variation in outcomes by the hospital-wide practices in VTE prophylaxis and adherence to guidelines or account for clustering by hospital. Chronic DVT cases were included only with documented postoperative progression. Given the possible different physiologic and hematologic outcomes of transfusing cell-saver RBCs compared with stored RBCs, it would be ideal to conduct subgroup analyses of the patients with and without cell-saver transfusions. This analysis was not possible owing to the ACS-NSQIP registry not identifying these patients separately. Although the exact hemoglobin and/or hematocrit threshold for intraoperative or postoperative transfusion was unknown, the transfusions were administered in response to intraoperative bleeding. The exact details of the bleeding or anticipated blood loss and any associated hemodynamic changes are not known. Finally, future studies should account for additional potential confounders, such as concurrent medication use (eg, VTE prophylaxis) and family history of VTE or an underlying thrombophilia. The same association between perioperative RBC transfusion and development of VTE was observed in the propensity score-matched sensitivity analysis.
Conclusions
Perioperative RBC transfusions may be associated with development of new or progressive VTE warranting treatment within 30 days of surgery. The indications for transfusion (eg, hemodynamics, symptoms, and hemoglobin level and/or hematocrit), which may contribute to VTE, were not known. However, surgery is a well-recognized prothrombotic stimulus, and in a subset of patients receiving perioperative RBC transfusions, a synergistic and incremental dose-related risk for VTE development may exist. These results need prospective validation in cohort studies and randomized clinical trials; if proven, they underscore the continued need for more stringent and optimal perioperative blood management practices in addition to rigorous VTE prophylaxis in patients undergoing surgery.
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